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VXEVWUDWH ZLWKRXW LPSXULWLHV  $QRWKHU DGYDQWDJH RI XVLQJ VSXWWHU GHSRVLWLRQ IRU FDWDO\VW
SUHSDUDWLRQLVWKDWWKHQDQRSDUWLFOHVDUHIRUPHGLQDSSURSULDWHFRQGLWLRQV>@  7RDFKLHYH
WKHVH SULQFLSDO EHQHILWV QRYHO VSXWWHU GHSRVLWLRQ V\VWHPV IRU WKUHHGLPHQVLRQDO VXUIDFHV RI
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DQG 5X >@ ZHUH FKRVHQ DV DFWLYH VSHFLHV DQG WKH FDWDO\VWV REWDLQHG KDG FHUWDLQ LQWULQVLF
SURSHUWLHV UHVXOWLQJ IURPWKHGU\ LPSUHJQDWLRQPHWKRG  )RUH[DPSOH9HLWKHWDO UHSRUWHG
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îPPXVHGDVDVSXWWHULQJWDUJHW
ZHUH3WSXULW\  
 6SXWWHUGHSRVLWLRQZDVFRQGXFWHGE\XVLQJDEDUUHOVSXWWHULQJV\VWHP>@  7R
WKH KH[DJRQDO EDUUHO  J RI SRZGHU\ Į$O2 ZDV ORDGHG LQ WKLV VWXG\  $ YDFXXP
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ZLWKDTXDUW] UHDFWRU PPLQQHUGLDPHWHU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PDLQWDLQHGIRUDGGLWLRQDOK  $IWHUSXUJLQJWKHJDV WR+H WKHFDWDO\VW LQ WKHUHDFWRUZDV
FRROHG WR URRP WHPSHUDWXUH  7KHQ WKHFDWDO\VWEHGZDVFRROHG WR & LQDQ LFHEDWKDQG
PDLQWDLQHG IRU  K  $Q DSSURSULDWH DPRXQW PO RI PL[HG JDV RI &2  DQG+H
EDODQFHZDVWKHQLQMHFWHGLQWRWKHFDWDO\VWLQWKHUHDFWRUDQGWKHFRQFHQWUDWLRQRI&2LQWKH
RXWIORZZDVGHWHFWHGE\D WKHUPDOFRQGXFWLYLW\GHWHFWRU7&'  7KH LQMHFWLRQRI&2ZDV
UHSHDWHGXQWLO WKHDPRXQWRI&2LQ WKHRXWIORZEHFDPHFRQVWDQWZKHUH WKH&2DGVRUSWLRQ
ZDV LQ VDWXUDWLRQ  7KH GLVSHUVLRQ RI 3W KHUHDIWHU GHQRWHG DV '&2 ZDV FDOFXODWHG E\
DVVXPLQJDVWRLFKLRPHWU\RI&23WXVLQJWKHIROORZLQJHTXDWLRQ 
  '&2 QXPEHURI&2PROHFXOHDGVRUEHGQXPEHURI3WDWRPORDGHG 





HYDOXDWHGE\ ,&3PHDVXUHPHQWV  7KHYDOXHVZHUH IRXQG WREH
DQGZWUHVSHFWLYHO\DVOLVWHGLQ7DEOH  $OLQHDUFRUUHODWLRQEHWZHHQWKHGXUDWLRQ
RIVSXWWHUGHSRVLWLRQDQGWKHDPRXQWRI3WZDVREVHUYHGZKLFKDJUHHGZLWKSUHYLRXVUHSRUWV
>@  +HUHDIWHUVDPSOHVDUHGHQRWHGDV3WxZKHUHxUHSUHVHQWVWKH3WGHSRVLWLRQDPRXQW 
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7KH FRORU RI WKH VDPSOH ZDV FKDQJHG IURP ZKLWH WR JUD\ E\ 3W GHSRVLWLRQ DQG EHFDPH
FRQWLQXRXVO\GDUNHUZLWK WKH LQFUHDVHRI3WGHSRVLWLRQ  ;5'PHDVXUHPHQWZDVDWWHPSWHG
EXW GLIIUDFWLRQ VLJQDOV IURP PHWDOOLF 3W ZHUH QRW REVHUYHG HYHQ LQ WKH VDPSOH 3W
EHFDXVHWKHPRVWRIWKHGLIIUDFWLRQOLQHVIURPWKH3WZHUHRYHUODSSHGE\WKRVHIURPĮ$O2  
 )LJVKRZVWKH)(6(0LPDJHVRIXQVXSSRUWHG$O2DQG3W$O2  7KHVXUIDFHRI
WKH XQVXSSRUWHG$O2 LV VPRRWK )LJ  $  $ WHUUDFHOLNH VWUXFWXUH VHHQ LQ WKH XSSHU
ULJKW FRUQHU LV DQ DGKHUHG IUDJPHQW RI $O2 WKDW ZDV XVHG IRU IRFXVLQJ  7KH )(6(0
LPDJH RI 3W LV VKRZQ LQ )LJ  % ZKHUH 3W QDQRSDUWLFOHV ZLWK FLUFXODU VKDSH DUH
REVHUYHG LQ WKH HQWLUH VXUIDFH RI WKH 3W$O2  ,W ZDV DOVR IRXQG WKDW WKH LQGLYLGXDO 3W
QDQRSDUWLFOHV ZHUH LVRODWHG RQ WKH $O2 VXUIDFH  7KH GLVWULEXWLRQ RI WKH GLDPHWHU RI 3W
QDQRSDUWLFOHVZKLFKZDVREWDLQHGIURPPRUHWKDQQDQRSDUWLFOHVLVRYHUODLGLQ)LJ% 
)LJ   )(6(0 LPDJHV RI WKH VXUIDFH RI WKH XQPRGLILHG DQG 3WPRGLILHG VDPSOHV  $ XQPRGLILHG




7KHSDUWLFOH GLDPHWHUV UDQJHG IURP WR  QP DQG DERXW RI WKH3W QDQRSDUWLFOHV
ZHUH LQ WKH UDQJH RI ± QP  7KH PHDQ GLDPHWHU REWDLQHG IURP WKH SHDN LQ WKH
*UDP&KDUOLHU ILWWLQJ IXQFWLRQ 2ULJLQ  VRIWZDUH 2ULJLQ/DE &R 0$ 86$ ZDV
FDOFXODWHGWREHDERXWQP7DEOH  7KHVHILQGLQJVLQGLFDWHDJRRGXQLIRUPLW\RIWKH3W
QDQRSDUWLFOHVRQWKHSRZGHUVXEVWUDWHSUHSDUHGE\WKHEDUUHOVSXWWHULQJWHFKQLTXH  
 ,Q 3W DV VKRZQ LQ )LJ  & WKH PHDQ GLDPHWHU RI 3W QDQRSDUWLFOHV ZDV
GHWHUPLQHGWREHQPZKLFKZDVODUJHUWKDQWKDWRI3W  ,WZDVDOVRIRXQGWKDWWKH
SDUWLFOHVL]HGLVWULEXWLRQEHFDPHZLGHU±QPWKDQ3W  7KLVLQGLFDWHVDJURZWK
RI 3W QDQRSDUWLFOHV ZLWK DQ LQFUHDVH LQ WKH GXUDWLRQ RI VSXWWHU GHSRVLWLRQ  +RZHYHU LW
VKRXOG EH QRWHG WKDW HDFK QDQRSDUWLFOH VWLOOPDLQWDLQHG D FLUFXODU VKDSH DQGZDV LVRODWHG 
2QHLQWHUHVWLQJIHDWXUHLQGU\LPSUHJQDWLRQHVSHFLDOO\LQWKHEDUUHOVSXWWHULQJPHWKRGLVWKDW
WKH 3W QDQRSDUWLFOHV IRUPHG ZHUH IUHH RI IDFHWV >@  7KLV LV FRQVLVWHQW ZLWK GDWD IURP
W\SLFDO WZRGLPHQVLRQDO VSXWWHUGHSRVLWLRQ XVHG IRU HSLWD[LDO ILOP JURZWK >@  )RU
H[DPSOH=KDRDQG:RQJUHSRUWHG WKDW3WGHSRVLWHGRQD6U7L2VXEVWUDWHXQGHUKLJK




LQ VL]HZLWK WKH UHVXOW WKDW VRPHRI WKHQHDUQHLJKERUVFDPH LQWRFRQWDFW WR IRUP LUUHJXODU
OHQJWKV DQG VKDSHV  7KLV UHVXOWHG LQ WKH VKLIWLQJ DQG WKH ZLGHQLQJ WKH SDUWLFOH VL]H
GLVWULEXWLRQ±QPZKLFKZDVREWDLQHGLQWKHHOHPHQWDU\QDQRSDUWLFOHVDVFRPSDUHG
WR 3W  7KH PHDQ GLDPHWHU RI WKH 3W QDQRSDUWLFOHV ZDV  QP  7KHVH ILQGLQJV
VXSSRUWWRVWDUW WKHWUDQVLWLRQRI3WIURPQDQRSDUWLFOHV WRILOP  %\ORQJVSXWWHUGHSRVLWLRQ




KRZHYHU )(6(0 REVHUYDWLRQ UHYHDOHG WKDW WKH FRDOHVFHQW SDUWLFOHV LQ WKH ZRUPOLNH
VWUXFWXUHFRQVLVWHGRIVHYHUDOGLVWLQFWHOHPHQWDU\QDQRSDUWLFOHVDVVHHQ LQ)LJ (  7KH
PHDQGLDPHWHURI VXFKHOHPHQWDU\QDQRSDUWLFOHVZDVHVWLPDWHG WREHQP  ,QDGGLWLRQ












DOVR SORWWHG LQ )LJ   +HUH 'FDO LV
FDOFXODWHG IRU D KHPLVSKHULFDO FU\VWDOOLWH RI
3W SDUWLFOH DV IROORZV  )URP WKH XQLW FHOO
SDUDPHWHURIPHWDOOLF3W-&3'6a
   QP WKH YDOXH RI 3W DWRPLF
GLDPHWHU WKH QXPEHU RI 3W DWRPV SHU XQLW
DUHD LQ D FORVHGSDFNHG SODQH DQG WKDW SHU
XQLW YROXPH LQ D FORVHGSDFNHG ODWWLFH IFF
ZHUHIRXQGWREHQPDWRPVQP
DQG  DWRPVQP UHVSHFWLYHO\  7KH
)LJ  &KDQJHLQWKHGLVSHUVLRQRI3WQDQRSDUWLFOHV
DV D IXQFWLRQ RI SDUWLFOH GLDPHWHU  Ɣ YDOXHV
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 3WSDUWLFOH   ʌG
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+HUH G UHSUHVHQWV WKH GLDPHWHU RI WKH 3W QDQRSDUWLFOH  7KXV 'FDO FDQ EH H[SUHVVHG DV
IROORZV 
 'FDO  3WVXUIDFH3WSDUWLFOH
)RUSDUWLFOHGLDPHWHUVVPDOOHU WKDQDERXWQP)LJ LW LV IRXQG WKDW WKHYDOXHRI'&2
DJUHHV ZHOO ZLWK WKDW RI 'FDO 7KLV PHDQV WKDW WKH UHVXOWV IURP )(6(0 REVHUYDWLRQ
DSSURSULDWHO\ FDSWXUH WKH 3W GLVSHUVLRQ  2Q WKH RWKHU KDQG WKH YDOXH RI '&2 EHFRPHV
VPDOOHU WKDQ WKDW RI 'FDO:KHQ SDUWLFOH GLDPHWHUV DUH JUHDWHU WKDQ DERXW  QP )LJ  
7KH GLYHUJHQFH LQ WKH FDVH RI ODUJH SDUWLFOHV LVPDLQO\ DWWULEXWHG WR FRDOHVFHQFHV RI WKH3W
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PHWKRGFDQIDEULFDWHLVRODWHG3WQDQRSDUWLFOHV  )XUWKHU LWVXJJHVWVWKDW WKHGLVSHUVLRQZDV
DSSURSULDWHO\HVWLPDWHGRQWKHEDVLVRI)(6(0PHDVXUHPHQWVZKHQWKHQDQRSDUWLFOHVZHUH
ZHOO LVRODWHG  0RUHRYHU ORQJHU VSXWWHUGHSRVLWLRQ OHG WR JURZWK DQG FRDOHVFHQFH RI 3W
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